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Abstract: A liquid crystal (LC) director distribution was numerically analyzed in 90-degree twisted
nematic (TN) LC cells with a symmetric and an asymmetric azimuthal anchoring strength of the
alignment substrate and the influence of anchoring strength on the electro-optical property of the
TN cell was evaluated. The twist angle decreased with decreasing azimuthal anchoring strength
and the LC orientation changed to a homogeneous orientation with the twist angle of 0 degrees in
the LC cell with asymmetric azimuthal anchoring strength, specifically with the strong anchoring
substrate and the weak anchoring substrate below a critical strength. The asymmetric anchoring LC
cell was fabricated by using a poly (vinyl cinnamate) alignment substrate as the weak anchoring
surface and a polyimide alignment substrate as the strong anchoring surface. The LC cell performed
the dark–bright–dark switching of the transmittance in the crossed polarizers, since the homogeneous
LC orientation changed to the TN orientation again with increasing the applied voltage. Therefore, it
was experimentally confirmed that LC molecules rotated at 90 degrees in the plane on the alignment
surface by the electric field perpendicular to the weak anchoring substrate.

Keywords: liquid crystal; polar anchoring; azimuthal anchoring; twisted nematic; homogeneous
orientation; voltage–transmittance curve

1. Introduction

Twisted nematic liquid crystal (TN LC) configurations [1] are still the most widely
used form of liquid crystal display mode. The LC director distribution and electro-optical
characteristics of the TN cell are generally determined by the following three features:
elastic forces in the LC which are described by Oseen-Frank free-energy density [2], an
electric field generated by applying a voltage to electrodes, and anchoring strength of the
LC molecules on substrate boundaries [2,3]. The anchoring strength is one of the important
design parameters for practical applications. Commercially available TN displays have
usually been manufactured using strong azimuthal and polar anchoring surfaces at both
sides of the substrate, for example, rubbed polyimide (PI) coated substrates, since the strong
anchoring enables fast relaxation from field-driven states. On the other hand, an application
of the weak polar anchoring interface has been proposed to decrease the driving voltage of
the LC cell. The numerical analysis of the electro-optical property has been reported in the
TN display mode [4–7]. Conversely, the increase in the threshold voltage has been reported
if the azimuthal anchoring strength reduces by more than one order of magnitude from
2.0 × 10−3 to 5.0 × 10−5 N/m [8]. These studies have usually been carried out the same
anchoring strength on both sides of the substrate.

An in-plane switching (IPS) mode [9] is another LC display mode currently used in
producing televisions, monitors of personal computers, and various instruments. The IPS
mode exhibits a wide viewing angle and a small color shift because LC molecules are
initially homogeneously aligned and rotate within a plane parallel to the substrates when
an in-plane field is applied. Weak azimuthal anchoring interfaces in the IPS mode have
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been reported to enlarge the allowable range of marginal variation in the cell gap [10].
Moreover, a threshold behavior has been analyzed in the IPS mode LC cell with asymmetric
azimuthal anchoring strength [11]. When the weak azimuthal anchoring alignment film is
coated on the interdigital electrode substrate and the counter substrate has strong anchoring
strength, the LC molecules glide on the weak azimuthal anchoring surface parallel to the
in-plane field direction, which results in the decrease in the driving voltage and the increase
in the maximum transmission in the bright state [12–14]. The asymmetrical azimuthal
anchoring configuration has also been applied to a fringe-field switching (FFS) mode [15].
Higher transmittance was obtained by lower driving voltage compared to the cell with the
symmetrical anchoring configuration [16].

We numerically investigated the LC director distribution and electro-optical character-
istics in a hybrid-aligned nematic cell with asymmetric anchoring strength [17]. When the
planar alignment substrate with the strong polar anchoring and the homeotropic alignment
with the weak polar anchoring substrate were combined, the hybrid orientation turned to
the homogeneous orientation, which was called a quasi-homogeneous (Q-Homo) cell. A
conventional homogeneous LC cell has a threshold voltage of about 1–2 V. However, the
Q-Homo cell had no threshold voltage, and neither did the hybrid-aligned nematic cell.
Moreover, a large retardation variation was also obtained compared to that in both the
hybrid-aligned and homogeneous cells with symmetric strong anchoring. In a guest–host
mode, a higher contrast ratio by lower driving voltage was compatible.

The 90-degree TN orientation also changed to the homogeneous orientation between
strong anchoring and weak azimuthal anchoring substrates. We called the cell a quasi-
homogeneous TN (Q-Homo-TN) cell. The electro-optical characteristics were theoretically
estimated in the Q-Homo-TN cell and a unique voltage–transmission curve of 0–100–0%
was obtained under the crossed polarizers. The infinite strength of the polar anchoring and
the pretilt angle of 0 degrees were set at both sides of the substrate in the above calculations
to simplify the analytical model.

In the present paper, finite values of polar and azimuthal anchoring strengths were
utilized in the numerical analysis of the LC director distribution in the 90-degree TN and
the Q-Homo-TN cells. The finite polar anchoring strength and the non-zero pretilt angle
were also considered. Experimentally, a photo-crosslinked poly (vinyl cinnamate) (PVCi)
alignment film was used as a variable azimuthal anchoring strength surface. The 90-degree
TN and Q-Homo-TN cells were fabricated by adjusting the anchoring strength of the PVCi
film surface. Electro-optical characteristics were investigated and voltage–transmission
curves were obtained, as well as the theoretical curves.

2. Principle
2.1. Free Energy of TN LC Cell

The LC director distribution was calculated, which is based on the continuum theory.
Figure 1 shows the definition of the LC director n, with a tilt angle θ, and a twist angle φ,
in the TN cell. Wp_0 and Wp_d are the polar anchoring strengths and Wa_0 and Wa_d are
azimuthal anchoring strengths at the lower and upper side of the substrates, respectively.
The total free energy per unit area, F, in the TN LC cell is given by

F = Fbulk + Felectric + Fsurface

Fbulk + Felectric =
∫ d

0
1
2{(K11 cos2 θ(z) + K33 sin2 θ(z))( dθ(z)

dz )2 + (K22 cos2 θ(z) + K33 sin2 θ(z)) cos2 θ(z)( dφ(z)
dz )2

−ε0(ε⊥ + ∆ε sin2 θ(z))( dV(z)
dz )2}

Fsurface = 1
2 Wp0

sin2(θ0 − θ(0)) + 1
2 Wpd

sin2(θd − θ(d)) + 1
2 Wa0 sin2(φ0 − φ(0)) 1

2 Wad sin2(φd − φ(d)),

(1)

where K11, K22, and K33 are the splay, twist, and bend elastic constants; ε⊥ is the dielectric
constant of the short axis; ∆ε is the dielectric constant anisotropy; d is the thickness of the
LC layer; V(z) is the voltage potential. θ0 and φ0 are polar and azimuthal easy axis angles of
the lower side of the substrate, respectively. θd and φd are angles of easy axes at the upper



Symmetry 2023, 15, 597 3 of 11

side of the substrate. In this study, φ0 and φd are set to 0 and 90 degrees; θ0 and θd are the
pretilt angles generally caused by the rubbing treatment on the polymer surface.
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Figure 1. Definition of the LC director, n, and surface alignment conditions of the substrate in the
TN cell.

2.2. Critical Anchoring

The liquid crystal director distribution was obtained by minimizing the total free
energy of the cell. The finite difference method was used to estimate θ(d) and φ(z) in
the LC cell. Table 1 shows the physical parameters of 5CB (4-n-pentyl-4′-cyanobiphenyl)
which was used in the calculation and the cell fabrication. The cell thickness was 8 µm.
Figure 2a,b show the φ(0) and φ(d) as a function of azimuthal anchoring strength. The polar
anchoring strengths and the tilt angles of both sides of the substrate were 1.0 × 10−3 N/m
and 0 degrees, respectively. When the azimuthal anchoring strengths are the same for the
substrates (Wa_0 = Wa_d), φ(0) increases from 0 degrees, and φ(d) decreases from 90 degrees
with decreasing the azimuthal anchoring strength, as shown in Figure 2a; φ(0) and φ(d)
reached close to 45 degrees at Wa_d of 1.0 × 10−10 N/m and the twist angle was, however,
about 0.01 degrees.

Table 1. Physical parameters of the LC.

K11 K22 K33 [pN] ε// ε⊥ no ne (550 nm)

6.3 4 8.4 17.9 6.9 1.540 1.724

On the other hand, in the TN LC cell with the asymmetrical anchoring condition with
small Wa_d (weak anchoring) and large Wa_0 (strong anchoring), φ(0) and φ(d) decreased
with decreasing Wa_d, as shown in Figure 2b. The twist elastic torque in the bulk overcomes
the surface anchoring torque. Thus, the LC director on the weak anchoring surface turns to
the direction of the easy axis at the counter strong anchoring substrate [17–19]; φ(d) was 0
degrees when Wa_d was less than a certain value, which is called the threshold anchoring
strength, a critical anchoring strength [17]. The critical anchoring strength was estimated
to be 5.0 × 10−7 N/m (=K22/d) with the infinitely strong Wa_0 [17,19]. When Wa_0 was
set to be 1.0 × 10−4 N/m, which was the typical azimuthal anchoring strengths= of the
rubbed PI alignment surface [7], the φ(d) curve almost overlapped with that estimated
using infinite anchoring strengths (see also the extended figure shown in Figure 2b). To
be precise, φ(d) was not zero but 4.9 degrees at Wa_d of 5.0 × 10−7 N/m. If Wa_0 is set
to be 1.0 × 10−5 N/m, the critical anchoring strength is estimated to be 4.8 × 10−7 N/m;
φ(0) was 4.1 degrees at Wa_d of 1.0 × 10−5 (=Wa_0) N/m and it decreased to 0 degrees
as well as φ(d) at the critical anchoring strength of 4.8 × 10−7 N/m. Then, the absolute
homogeneous LC orientation, that is the Q-Homo-TN, was created by the asymmetric
azimuthal anchoring strength.
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Figure 2. The φ(0) and φ(d) as a function of Wp_d in the TN cell with (a) symmetric and (b) asymmetric
anchoring strengths of the alignment surfaces with the parameter of Wa_0.

We also calculated φ(d) in the case with non-zero pretilt angle surfaces. When the pretilt
angle on both sides of the substrate was 2 degrees, calculated results with an extremely
small difference were obtained as those shown in Figure 2a,b. As the pretilt angle increased
more, we confirmed the increase in the twist angle between weak anchoring substrates.
As the pretilt angle increased from 0 degrees to 10 degrees, the twist angle increased from
42.3 degrees to 43.1 degrees in the TN cell with symmetric azimuthal anchoring strength
of 1.0 × 10−6 N/m, since the twist elastic torque of the LC orientation decreased with
increasing the pretilt angle.

3. Electro-Optical Characteristics
3.1. Theoretical Electro-Optical Characteristics

The electro-optical property of the TN cell was estimated by using Jones matrix
calculus at the wavelength of 550 nm. The cell was placed between crossed polarizers and
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the transmission axes of the polarizer were arranged with the easy axes of the alignment
substrate. Figure 3 shows the electro-optical characteristic of the TN cell with the symmetric
azimuthal anchoring strength. The polar anchoring of both sides of the substrate was
1.0 × 10−3 N/m. The tilt angle was set to be 2 degrees assuming the typical rubbed PI
surface. The voltage–transmission (V-T) curve with the azimuthal anchoring strength of
1.0 × 10−4 N/m was almost the same as the V-T curve with using the infinitely strong
anchoring. When the anchoring was 1.0 × 10−5 N/m, the twist angle in the absence of
the applied voltage decreased to 81.8 degrees and the curve slightly shift to the right,
which has already been reported by Inoue et al. [8]. The driving voltages V10, that is
the voltage necessary to obtain the transmittance of 10% in a “black on white mode”,
were 1.66 V and 1.71 V in the TN cells with the anchoring strength of 1.0 × 10−4 and
1.0 × 10−5 N/m, respectively. The twist angle without the voltage application decreased to
42.4 and 25.8 degrees when the anchoring became symmetrically weak to 1.0 × 10−6 and
5.0 × 10−7 N/m 1.0 × 10−5 N/m, respectively, and V-T curves were significantly changed
from the normal V-T curve of the TN mode.
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Figure 3. Voltage–transmittance curves of the TN cell with the symmetric azimuthal anchoring strength.

Figure 4 shows the tilt and twist angle distributions in the Q-Homo-TN cell with the
asymmetric azimuthal anchoring strength under the voltage application. The azimuthal
anchoring strengths of Wa_0 and Wa_d were set to be 1.0 × 10−4 and 5.0 × 10−7 N/m,
respectively. The θ0 at the strong azimuthal anchoring surface was 2 degrees; θd at the weak
azimuthal anchoring surface was 0 degrees assuming a very weak rubbed PI or a photoalign-
ment surface. The polar anchoring of both sides of the substrate was 1.0 × 10−3 N/m. The
LC molecules were homogeneously oriented in the voltage-off state. The threshold voltage
at which the LC tilt angle at the center of the LC layer began to increase was about 0.4 V
and was the same as that in the TN cell using the symmetric strong azimuthal anchoring
strength of 1.0 × 10−4 N/m. The distributions of θ with the respective voltage application
were also almost the same as that in the TN cell. On the other hand, φ(d) increased with
the voltage in the Q-Homo-TN cell, because LC molecules glide on the weak anchoring
surface due to the twist torque reduction in bulk [17]. When the applied voltage was 3 V,
φ(d) reached 90 degrees and the φ distribution in the Q-Homo-TN cell was almost identical
to that in the TN cell with the symmetric strong anchoring.

Figure 5 shows V-T curves of the TN cells with the parameter of Wa_d. Wa_0 was set
to be 1.0 × 10−4 N/m. The transmittance without the voltage decreased to 0% since the
twist angle also decreased to 0 degrees with decreasing Wa_d. In the Q-Homo-TN cells
with Wa_d of 5.0 × 10−7 N/m, θ and φ distribution shown in Figure 4 produced the V-T
curve which exhibited 0–98.8–0% shift of the transmittance with the applied voltage. The
V-T curve shows a display device operating in a “white on black mode” in the drive at
the low-voltage side. The driving voltage of V90, which is the voltage necessary to obtain
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the transmittance of 90%, was about 1.40 V, which shows the lower driving voltage of
bright/dark switching compared to that in the TN cell. The maximum transmittance was
obtained at 1.50 V and then decreased to 0% again because of the loss of optical rotation.
When Wa_d was lower than the critical anchoring of 5.0 × 10−7 N/m, the threshold voltage
and the driving voltage were increased, and the maximum transmittance decreased.
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Figure 5. Voltage–transmittance curves of the TN cell with the asymmetric azimuthal anchoring strength.

V-T curves at 640 nm (∆n = 0.170), 550 nm (∆n = 0.184), and 460 nm (∆n = 0.204)
corresponding to red, green, and blue wavelengths are shown in Figure 6. The wavelength
dependence of the transmittance was small in the usual TN cell using strong anchoring
substrates due to the contribution of optical rotation characteristics, as shown in Figure 6a.
In the TN cell using symmetrically weak anchoring substrates, the wavelength dependence
was large especially on the low voltage side by a birefringence effect of the LC, as shown
in Figure 6b. The V-T curves of the red and green lights were very close, but not for the
blue light in the Q-Homo-TN cell, as shown in Figure 6c. The incident light of 460 nm was
close to the fourth Mauguin minimum conditions of the 90-degree TN cell [20]. The peak
transmittance was improved from 83.5% to more than 90% by using the LC material with
smaller ∆n such that the second and third Mauguin minimum conditions are satisfied.
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Figure 6. Voltage–transmittance curves at the wavelength of 640, 550, and 450 nm in the TN cell
with the symmetric anchoring strength of (a) 1.0 × 10−4 N/m, (b) 5.0 × 10−6 N/m, and (c) in the
Q-Homo-TN cell with the asymmetric anchoring strength of 1.0 × 10−4 and 5.0 × 10−6 N/m.

3.2. Cell Fabrication

It is known that the azimuthal anchoring strength of the PI film depends on the
rubbing strength and the amount of UV irradiation in a photoalignment technology [21,22].
However, these surfaces have usually a strong surface memory effect even without the
alignment treatment and have a certain strong azimuthal anchoring strength. The PVCi
film is well known as the LC photoalignment fabricated by irradiating with a linearly
polarized UV light [23–27]. The azimuthal anchoring of the PVCi surface increases to about
5.0× 10−6 N/m with the UV dose [24,28], the strength of which is insufficient to achieve
the twist angle of 90 degrees. In addition, it was reported that the anchoring strength
increased to about 2.0× 10−5 N/m when the rubbed PVCi film was exposed with linearly
polarized UV light [29]. We also exposed the film with unpolarized UV light and obtained
the same azimuthal anchoring strength of 2.0× 10−5 N/m [19].

Figure 7a shows a schematic model of the fabricated LC cell with asymmetric az-
imuthal anchoring substrates using the rubbed PI (AL-1254 from JSR Corp. Japan) and
PVCi surfaces. The cell thickness was controlled by using 9 µm ball spacers. The anchoring
strength of the PVCi surface without the UV irradiation was about 8 × 10−8 N/m. We
controlled the anchoring strength by the irradiation time of the UV light from a super-
high-pressure Hg lamp source [19]. The UV power was 10 mW/cm2. The left-half part
of the rubbed PVCi surface was irradiated with the UV light for 20 s to obtain a target
anchoring strength of 4.5 × 10−7 (=K22/d) N/m. The right-half side was irradiated for
120 s and the anchoring strength was about 1.0× 10−5 N/m. The easy axis of the rubbed
PVCi surface is perpendicular to the rubbing direction [30–32]. Accordingly, 5CB was
sandwiched between PVCi and PI substrates whose rubbing directions were parallel to
each other. Figure 7b shows optical polarizing microscope images of the fabricated LC cell
placed between crossed and parallel polarizers. The homogeneous orientation without the
twist deformation and the optical rotation of roughly 90 degrees were confirmed on the
weak and strong anchoring PVCi surfaces, respectively.

3.3. V-T Curves

Figure 8 shows the voltage–transmittance curves of the fabricated LC cell. The trans-
mitted light intensity through parallel polarizers in the absence of the LC cell was defined
as 100%. The wavelength of the incident light was 640 nm. The rate of the voltage sweep
was 2 V/min. When the Q-Homo-TN cell was placed between crossed polarizers, the
transmittance increased from 0% to 60% and then decreased to 0% again with increasing
the voltage. This indicates that the in-plane rotation of the LC on the weak anchoring PVCi
surface occurred, and the LC orientation changed from the homogeneous to TN orientation,
as shown by the numerical results in Figure 4b. The hysteresis characteristics were observed
with increasing and decreasing voltages. The in-plane switching mode cell using the PVCi



Symmetry 2023, 15, 597 8 of 11

surface has also been reported to exhibit a hysteresis characteristic [33,34]. It has also been
reported that the high viscosity of the gliding LC molecules on the surface caused a very
slow response [35–37]. Therefore, the hysteresis characteristic of the Q-Homo-TN cell might
be caused by the slow response of the in-plane rotation of the LC on the PVCi surface.
On the other hand, in the TN orientation between rubbed PI and fully crosslinked PVCi
surfaces, a common V-T curve of the TN cell without hysteresis was obtained when the
voltage sweep rate was 5 V/min.
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We calculated the theoretical V-T curves using the following data: the polar and
azimuthal anchoring strengths of the rubbed PI are 1.0× 10−3 and 4.0 × 10−4 N/m, re-
spectively. The pretilt angle is about 2 degrees. The polar anchoring strength of PVCi is
1.0× 10−4 N/m [27]. The pretilt angle of the PVCi surface is 0 degrees since the LC aligns
perpendicular to the rubbing direction. Converting the peak value of the measurement
curve to 100%, the V-T curve of the fabricated TN cell was in close agreement with the
calculated value at 640 nm. In the Q-Homo-TN cell, the measured peak transmittance
was obtained at 1.46 V with the voltage increase, which almost coincides with the cal-
culated peak voltage, even though the peak value in the fabricated cell was lower than
the calculated peak value of 99.0%. Some alignment defects generated through the rub-
bing treatment on the uncrosslinked PVCi surface resulted in a lower peak value of the
transmittance. In addition, the transmittance became maximum at 1.33 V and the peak
value was higher than that increasing the voltage. The calculated results of the director
distributions shown in Figure 4 were in the steady-state liquid crystal reorientation states,
and the hysteresis properties as reported in highly twisted nematic cells [38,39] were not
confirmed in our calculation.

Another problem with using the weak anchoring surface has been reported as an
alignment memory effect [12,40]. Some kinds of alignment film have been proposed as the
weak anchoring surface without the memory effect, for example a para-PVCN-F [12] surface
and a high-density, concentrated brush poly (n-hexyl methacrylate) grafted substrate [13,14].
These alignment films and further studies on relations between the weak anchoring surface
and the liquid crystal interface will lead to better performance of this device.

4. Conclusions

The electro-optical characteristics in the TN cell with symmetric and asymmetric
anchoring strength were investigated. The Q-Homo-TN orientation was successfully
fabricated using the rubbed PI surface and the PVCi surface, in which azimuthal anchoring
strength was adjusted to the critical value. The dark–bright–dark switching of the Q-Homo
TN cell was observed in the crossed polarizers when applying the voltage, which indicates
the 90-degree in-plane rotation of LC molecules by the electric field perpendicular to the
substrate. The hysteresis characteristics of the V-T curve were observed in the fabricated
Q-Homo-TN cell, which was not shown in the claustration. In future work, we intend to
further investigate response and decay times at various anchoring strengths by changing
the crosslinking degree.
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